Prostate cancer and benign prostatic hyperplasia are common genitourinary diseases in aging men. Both pathologies may coexist and share numerous similarities, which have suggested several connections or some interplay between them. However, solid evidence confirming their existence is lacking. Recent studies on extensive series of prostatectomy specimens have shown that tumors originating in larger prostates present favorable pathological features. Hence, large prostates may exert a protective effect against prostate cancer. In this work, we propose a mechanical explanation for this phenomenon. The mechanical stress fields that originate as tumors enlarge have been shown to slow down their dynamics. Benign prostatic hyperplasia contributes to these mechanical stress fields, hence further restraining prostate cancer growth. We derived a tissue-scale, patient-specific mechanically-coupled mathematical model to qualitatively investigate the mechanical interaction of prostate cancer and benign prostatic hyperplasia. This model was calibrated by studying the deformation caused by either disease independently. Our simulations show that a history of benign prostatic hyperplasia creates mechanical stress fields in the prostate that hamper prostatic tumor growth and limit its invasiveness. The technology presented herein may assist physicians in the clinical management of benign prostate hyperplasia and prostate cancer by predicting pathological outcomes on a tissue-scale, patient-specific basis. 
PZ, the glandular prostate is segmented into two zones in 22 radiological studies: the PZ and the central gland (CG), which 23 contains the central, transition, and periurethral zones (1, 4, 5) . 24 The CG has a larger and denser stromal component that 25 becomes more compact during BPH, which results in an overall 26 lower signal intensity in T2-weighted magnetic resonance (MR) 27 images. However, the signal intensity of the CG is usually 28 rather heterogeneous due to the varying proportions of stromal 29 and glandular hyperplasia (1, (4) (5) (6) (7) .
30
Beyond anatomical location, BPH and PCa possess other 31 similarities (1, 8, 9) . At the epidemiological level, both dis-32 eases affect older men, have increasing incidence with age, 33 and frequently coexist in the same patient. These pathologies 34 may induce lower urinary tract symptoms and increase serum 35 levels of Prostatic Specific Antigen (PSA), a prostate activity 36 biomarker used in PCa diagnosis and staging. Additionally, 37 PCa and BPH share some genetic alterations, are hormone-38 dependent, have been correlated with prior inflammation, and 39 might be part of the metabolic syndrome. Despite the evi-40 dence suggesting links between PCa and BPH, the relationship 41 between these diseases has been under continuous debate in
42

Significance Statement
Benign prostatic hyperplasia (BPH) is a common disease in aging men that causes the prostate to enlarge progressively. Men with larger prostates tend to harbor prostatic tumors with more favorable features. The underlying mechanisms that explain this interaction between BPH and prostate cancer are largely unknown. Here, we propose a feasible theory. The mechanical stresses generated during tumor growth are known to slow down its dynamics. BPH creates increasingly intense mechanical stress fields in the prostate over time. Hence, BPH mechanically hampers the growth of prostate cancer. We extended our mathematical model of prostate cancer growth to include the mechanical deformation of the prostate under BPH and prostate cancer and run a series of computer simulations to explore our theory.
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the medical community due to the existence of contradictory 
48
The biopsy detection rate of PCa in large prostates is known 49 to be lower than in small prostates (10) (11) (12) . This low detection 50 rate has been attributed to various artifacts, such as sampling 51 errors and a biopsy selection bias in patients with increasing 52 PSA, possibly caused by BPH (10, 13, 14) . However, it appears 53 that neither increasing sampling nor using more advanced 54 medical imaging to perform biopsy has leveled the detection 55 rate across prostate volume groups (11, 12, 15, 16 (10, (17) (18) (19) (20) (21) . These studies provide solid evidence to suggest 62 that large prostates may exert a protective effect against PCa, 63 but the underlying mechanisms are not known. 64 Here, we propose a mechanical explanation for this phe- To perform this study, we derive a tissue-scale, patient-specific designing optimal treatment schemes. In particular, several 104 mathematical models have incorporated the tumor mass effect 105 to improve the prediction of the growth of various types of 106 cancers (32-38). Fig. 1 In this work, we extend our previous model of organ-111 confined PCa growth (39, 40) to include the equations of 112 mechanical equilibrium and define the coupling terms between 113 them and tumor dynamics. As organ-confined PCa growth 114 can be seen as an evolving interface problem, we leverage the 115 phase-field method (41) to account for the coupled dynamics of 116 healthy and tumoral tissue. Our model also estimates PSA dy-117 namics at tissue level by computing the serum concentrations 118 of this biomarker produced at healthy and cancerous regions 119 per unit volume of prostatic tissue (39). Following previous 120 mechanically-coupled approaches (32-38), we assume that the 121 deformation of the prostate is a quasistatic phenomenon and 122 we model prostatic tissue as a linear elastic, heterogeneous, 123 isotropic material. As CG is normally stiffer than PZ in older 124 men, we set a higher Young modulus in the CG (1, (4) (5) (6) (7) (42) (43) (44) (45) 
Results
141
Deformation of the prostate due to BPH. Our model predicted 
148
The extremal values of the displacements were attained 149 at the CG borders that are closer to the external surface of 150 the prostate. The maximum total displacement was 0.74 mm.
151
The urethra was displaced posteriorly and its diameter was 152 virtually unaltered.
153
The hydrostatic stress was compressive within the CG (- The hydrostatic stress was compressive within the tumors, 213 with lower values in the PZ (-0.75 to -0.33 KPa; see Fig. S2 ). 214 Around the tumors, the hydrostatic stress was compressive in 215 the PZ, with a minimum of -0.08 KPa, and tensile in the CG, 216 with a maximum of 0.10 KPa. Maximal tensile hydrostatic 217 stress between 0.67 and 0.88 KPa was obtained on the most 218 constricted contours of the urethra and was accompanied by 219 compressive values with minimum between -0.52 and -0.38 220 KPa on the urethral contours in perpendicular direction to the 221 constriction. High tensile hydrostatic stress was also registered 222 when tumors grew near the prostate external surface (up to 223 0.33 KPa in PZ and 0.48 KPa in CG). Far from the tumor, 224 the hydrostatic stress was negligible. instability reduced displacements by 17.3% and it took until 278 the end of the simulation for them to recover (t ≈ 0.9).
279
The inclusion of the patient's history of BPH produced ma- 
288
BPH globally dominated the deformation of the prostate 289 by producing a volumetric expansion. The tumor produced a 290 local swelling deformation that was noticeable on the external 291 surface of the PZ. The urethra was displaced posteriorly to 292 the patient's right and its diameter was practically unchanged. 293 The deformation of the prostate caused by this combination 294 of BPH and PCa produced maximum global displacements 295 between 0.86 and 1.16 mm. These values were attained on 296 the outer region of the tumor within the PZ. On the opposite 297 side of the cancerous mass, the displacement field created by 298 BPH within the CG was barely modified by the presence of 299 the growing tumor.
300
The patient's history of BPH produced a highly compressive 301 hydrostatic stress field in the prostate, ranging from -2.90 to 302 -2.20 KPa within the CG and from -0.60 to -0.25 KPa within 303 the PZ. The tumor contributed to increase the hydrostatic 304 stress in the PZ, reaching minima between -0.95 and -0.70 KPa 305 within the tumor and between -3.70 and -2.90 KPa next to 306 the CG border. BPH led to the accumulation of compressive 307 stress all around the urethra (-6.20 to -3.00 KPa) and tensile 308 stress at the PZ tissue in the vicinity of the border between 309 PZ and CG nearby the prostate external boundary (2.00 to 310 5.90 KPa). 
405
We think that our model could be exploited to improve , and apoptosis (25, 27, 33) . A poroelastic 435 description of PCa growth would also help to study the effect 436 of mechanical deformation on nutrient transport (26). This 437 approach holds the potential to accurately investigate the het-438 erogeneity of intratumoral metabolism or test patient-specific 439 drug administration to the tumor in silico. To gain further 440 knowledge on the mechanisms of PCa growth using our model, 441 we believe it would be valuable to investigate the mathematical 442 properties of the equations comprising it, for example, ana-443 lyzing solvability conditions, characterizing parameter spaces, 444 and studying the well-posedness of the problem.
445
Linear elasticity is a widely accepted mechanical paradigm 446 in tumor growth models (32-38), which provided a simple 447 mechanical framework for this study. We acknowledge that 448 linear elasticity is an acceptable simplification for studies 449 featuring small strains and rotations and that the values of 450 strains in the simulations depicted in Figs. 3 -5 
473
The efforts to shed light on the potential relationships be-474 tween BPH and PCa have pointed out promising correlations 475 and mechanisms of interaction (1, 8, 9) . The ensuing research 476 to validate them could greatly benefit from mathematical 477 modelling in order to organize, comprehend, and provide a 478 solid theory to sustain these new discoveries and guide future 479 steps (29-31, 39). In this paper, we exemplify the scope of 480 this approach by demonstrating that BPH builds up a defor-481 mational state that hinders the growth of prostatic tumors, 482 which end up showing more favorable pathological features 483 (10, 17-21). Future research spans technologies ranging from 484 the deformable registration of medical images of the prostate 485 to the accurate prediction of tissue-scale, patient-specific BPH 486 evolution and PCa outcomes. However, further validation us-487 ing longitudinal series of clinical data is required to corroborate 488 our theory before addressing these challenging applications. here we developed a mechanically-coupled model for patient-specific, 515 organ-confined PCa growth and we leveraged it to perform a study 516 on the mechanical interaction between PCa and BPH using literature 517 data for parameter calibration.
489
Materials and Methods
518
Our model is described by the following equations: respectively, and the last term is a natural decay.
540
The mechanical stress fields generated by a growing tumor have stressed body, and deviatoric stress, which tends to distort it (46).
551
The Von Mises stress σv (46) (defined in Eq. (7)) is a good measure 552 of the distortional strain energy around the tumor that has been 553 widely adopted in mechanically-coupled models (32-34 sparsely interwoven smooth muscle (1, 5, 6) . Benign enlargement 585 of the prostate tends to make the CG denser and more compact 586 (1, 7) . Therefore, the CG is normally stiffer than PZ in patients [8]
592
This assumes that κ is a constant compressive pressure, which is 593 admissible over short simulation times (32-34, 36, 37). Volumetric 594 growth due to BPH is usually modeled with an exponential function, 595 but the slow growth rates justify a linear approximation over periods 596 ∆t ∼ 1 − 10 years (52) (53) (54) . Hence, we modeled BPH as a linearly-597 growing pressure acting only on the CG: 
where σ is the stress tensor, λ and µ are the Lamé constants, u is the properties (see Fig. 1 ).
614
We computed tumor volume V φ and serum PSA P as (39):
where Ω is the prostate segmented on the patient's MR images. 
617
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where g is now positive and ∆t 0 = 14 years.
649
Parameter selection for Eq. (1) surface was smoothed in MeshLab (71) .
689
The original torus and prostate NURBS meshes were discretised 690 with 32x32x8 elements along the toroidal direction, the cross-section 691 circumferential direction, and the cross-section radial direction, re-692 spectively. We globally refined the prostate mesh to a 256x256x64 693 elements using standard knot insertion (60) 
